We present a new concept for homonuclear dipolar recoupling in magic-angle-spinning (MAS) solid-state NMR experiments which avoids the problem of dipolar truncation. This is accomplished Abbreviations: TOFU, triple oscillating field technique; RADAR, rotor assisted dipolar refocusing; MAS, magic angle spinning; CP, cross polarization.
Introduction
For more than a decade, dipolar truncation has been considered a major obstacle for the use of solidstate NMR spectroscopy to determine structures of biological macromolecules [1, 2, 3, 4, 5, 6, 7, 8] .
Dipolar truncation occurs when a spin, say I 1 , is strongly coupled to a spin I 2 (usually a nearby spin of the same species) and weakly coupled to another spin I 3 (a distant spin) and the two coupling Hamiltonians do not commute. The result is that the strong coupling between I 1 -I 2 truncates (averages) the coupling between I 1 -I 3 , with the consequence that the long-range dipolar interaction cannot be measured directly. This problem is particularly serious for the measurement of internuclear distances in homonuclear spin systems of uniformly isotope-labelled molecules (e.g., 13 C-13 C couplings), since essentially all dipolar recoupling experiments presented to date (e.g., [9, 10, 11, 12, 13, 14, 15, 16, 17, 18] ) generate double-or zero-quantum dipolar Hamiltonians, which cause non-commuting interactions in multiple spin systems. This has shifted the focus of accurate distance measurements in uniformly 13 C, 15 N-labelled proteins to heteronuclear dipolar recoupling experiments [19, 20] , although they often suffer from smaller dipole-dipole couplings due to coupling of 13 C to nuclei such as 15 N with a lower gyromagnetic ratio. In basic heteronuclear dipolar recoupling experiments such as REDOR [21] , TEDOR [22] , and the γ-encoded variant GATE [23] , dipolar truncation is avoided since the large chemical shift difference between hetero spins allows for selective manipulation of one of the heteronuclei making it possible to prepare an Ising Hamiltonian 2I z S z which can be maintained in dipolar recoupling experiments. This Hamiltonian commutes across different spins pairs and therefore does not suffer from dipolar truncation.
The importance of the homonuclear dipolar truncation problem can be seen in the vast majority of studies addressing structure determination of isotope-labelled biomolecules by solid-state NMR.
Either the long-range couplings are missing due to truncation or the long-range connections are assessed indirectly through the involvement of spin diffusion via heteronuclear spins [24, 25, 26, 27, 28, 29, 30] . To circumvent this problem, many strategies such as spin system dilution by special isotope labelling procedures [4, 31] or the use of arrays of experiments which selectively or bandselectively recouple only specific dipolar coupling interactions [5, 7, 32, 33, 34, 35, 36, 37] may be used to establish long-range structural constraints. In all cases, there is a price to pay. This may be lack of precise distance constraints, disturbing influence from relaxation parameters and multiplespin effects, need for replicating the experiments many times for different isotope labelling patterns or using experiments with different setting of "selectivity-inducing" pulse sequence parameters. No solution has so far been presented, which in a broadband manner allows recoupling of a 2I z S z type of 
Homonuclear Recoupling without Dipolar Truncation by Triple Oscillating Fields
Consider two coupled homonuclear spins I and S under magic angle spinning (MAS) conditions.
In a Zeeman frame, rotating with the spins at their Larmor frequency, the Hamiltonian of the spin system takes the form
where ω I (t) and ω S (t) represents the time-varying chemical shifts for the two spins I and S respectively, and ω IS (t) the coupling between them. These interaction strengths may be expressed in terms of a Fourier series
where ω r is the sample spinning frequency (in angular units), while the coefficients ω (m) λ (λ = I, S, IS) reflect dependences on physical parameters like the isotropic chemical shift, the anisotropic chemical shift, the dipole-dipole coupling constant and through this the internuclear distance [38] .
In absence of radio-frequency (rf) irradiation, fast MAS averages the dipolar part of the coupling ω IS (t) to zero. This averaging may be prevented using dipolar recoupling techniques, among which the conventional schemes exploit the fact that ω IS (t) contains modulations at frequencies ±ω r and ±2ω r . Such terms may be demodulated by irradiating the spin system with an rf field whose amplitude is set to, e.g., 2 ω r and the phase to say x [12] . This rotates the coupling tensor in the interaction frame of the rf irradiation at frequency ω r and thereby demodulates the ω r modulation arising from the rotor revolution. This forms the basis of many homonuclear recoupling sequences [12, 13, 15, 16, 17, 18] , which in this manner prepare an effective planar recoupling Hamiltonian of the kindH = D(2I z S z − 2I y S y ) where D is a constant depending on the dipole-dipole coupling and a scaling induced through recoupling. In a network of coupled spins, such planar Hamiltonians between spin pairs do not commute. For transfer of coherence between directly coupled spins (e.g., for spectral assignment purposes) this is acceptable, but when it comes to measurement of the structurally important long-range interactions this non-commutative feature is fatal. The recoupled planar Hamiltonian between the distant spins I 1 and I 3 is truncated by a stronger planar Hamiltonian between I 1 and I 2 implying that the most important information about the spin system is effectively lost. This feature is illustrated in Fig. 1 , showing a typical three-spin topology along with a dipolar dephasing curve (solid line) for conventional planar recoupling. The lack of dephasing of the spin I 3 signal is a signature of dipolar truncation.
With the aim of solving the dipolar truncation problem, we take inspiration from the heteronu-
clear recoupling experiments and demonstrate how we can recouple spins I 1 and I 3 in the presence of I 2 , by synthesizing mutually commuting Ising (2I z S z ) dipolar Hamiltonians. In this manner we can establish efficient dipolar dephasing through the long-range dipolar coupling as illustrated by the dashed line in Fig. 1b The spin system is irradiated by an rf field characterized by an amplitude A(t), a phase φ(t), and an offset ω(t). In Zeeman frame, the rf Hamiltonian takes the form
where F q = I q + S q (q = x, y, z). The amplitude, the phase, and the offset are chosen in such a way shows the situation at a time corresponding to Ct = π/6 (the red arrows indicates the directions for the movement of the field vectors from time 0). In a more accurate representation, the light blue curve shows the true movement of the tip of the B z vector affected by the simultaneous Ct rotation around the two axes. We note that in practice B (the length of the vector B z ) is much larger than C (the length of the vectors B x and B y ).
that the resulting field looks like a constant field B x of strength C along the x-axis, a field B y of strength C that rotates around B x with angular frequency C, and a field B z of strength B rotating around B y with angular frequency C as depicted in Fig. 2 . The resulting rf field Hamiltonian can be written as
This particular setting of the rf fields may be appreciated by performing a series of co-ordinate transformations. In the interaction frame of the x-phase rf irradiation (we call this the demodulation frame), the rf Hamiltonian transforms to CF y + B exp(−iCtF y )F z exp(iCtF y ). Moving now into the interaction frame of the y-phase irradiation with strength C (we call this the recoupling frame), the rf Hamiltonian transforms to BF z . The overall transformation to the recoupling frame may be represented asÃ = U + (t)AU (t) with U (t) = exp(−iCtF x ) exp(−iCtF y ). Within this frame, we can establish expressions for the chemical shielding and dipolar coupling interactions to find appropriate conditions for truncation-free dipolar recoupling.
When transformed into the recoupling frame, the chemical shielding Hamiltonian takes the form
and the dipolar coupling Hamiltonian takes the form
where we ignored components from the invariant (and non-recoupled) I · S part of the Hamiltonian in Eq. (1). This part is not rotated by the rf field and averages out under MAS.
By recalling that the rf Hamiltonian in the recoupling frame is BF z , if B is chosen sufficiently large (i.e., B ≫ C and B ≫ ω r ), then the parts of the Hamiltonians that do not commute with |. The field B, when chosen to satisfy these constraints is also sufficiently strong to average parts of the dipolar interactions that do not commute with BF z , as their strengths typically are weaker than the chemical shifts. The averaged Hamiltonian, in the interaction frame of BF z , takes the form,
We note that in the recoupling frame, the effective rf Hamiltonian BF z and the scaled isotropic chemical shifts both contributes to the averaging in Eq. (7), implying that the most efficient truncation will depend on the rf carrier position. Interference between time dependence (of the kind exp(−imω r t))
of the interactions frequencies (c.f., Eq. (2)) and the time modulation cos 2 (Ct) = We will here consider two classes of recoupling experiments, obtained using (a) (7), we get
We note that under MAS conditions, ω If we choose C = 1 2 ω r , then the dipolar term cos 4 (Ct) has oscillating components at frequencies ±ω r and ±2ω r , both of which will generate secular terms under MAS conditions. Similarly, the chemical shift term cos 2 (Ct) has oscillating components at ±ω r , which will recouple the anisotropic chemical shielding and heteronuclear dipolar coupling interactions under MAS conditions. Overall the recoupling experiment will lead to a mixture of two different types of homonuclear dipolar components and as described by the dipolar recoupled Hamiltonian
where the upper line represents chemical shielding terms and the lower dipolar coupling terms. For the latter, we note that ω
IS cos(2γ) with c We observe that (i) the dipolar scaling factor of the first term is four times larger than for the C = 1 4 ω r experiment, (ii) the period of the TOFU element is shorter by a factor of 2, but also that (iii) this experiment recouples anisotropic shielding and more problematic heteronuclear dipolar couplings. These are generally undesirable and need to be removed for measurement of distances between the spins unless deuterated samples are used. In this respect, the experiment (b) resemble the experiment proposed by Levitt and coworkers [8] and may prove useful in the sense that the anisotropic shielding may assist dipolar truncation and the dipolar factor is sufficiently large that relatively long 13 C-13 C distances may be probed. In the subsequent analysis, we will only treat experiment (a) as it does not recouple heteronuclear dipolar interactions being problematic for the most relevant biological samples with 1 H in natural abundance.
As a representative example of a TOFU dipolar recoupling element, Figure 3 , shows the amplitude, phase, and offset of the rf field for the specific case of C = 1 4 ω r , B = 3ω r , and ω r /2π = 20 kHz.
RADAR: Rotor Assisted Dipolar Refocusing
In this section, we show how the TOFU pulse sequence element may be implemented experimentally to measure distances in homonuclear spin systems of biological relevance. We focus on measuring the distances of n spins I, from a given S spin as illustrated by the spin topology in Fig. 1c . The TOFU recoupling results in a Hamiltonian that takes the form
where J jk represents the strength of scalar couplings (in Hz) of spin I j to spin I k , J k the scalar coupling between spins k and spin S, ω have orientation dependence reflecting the orientation of the individual crystallites in the powder sample as described in the previous section.
We measure the dipolar coupling ω DD k by observing the dephasing of the transverse magnetization of spin I k under this coupling. For this purpose, it is desirable to refocus all the other dipolar couplings ω DD jk , as these are orientation dependent and rapidly dephase the coherence on the I spins, which becomes difficult to separate from dephasing caused by the coupling to spin S of interest. Our strategy is to perform a reference experiment (Fig. 4b) , in which all dipolar couplings and the scalar couplings J k are refocused. The magnetization of a spin I k , only evolves under the J coupling to surrounding I spins. Then we perform the main experiment (Fig. 4a) , in which ω DD jk and J k are refocused, however, the recoupled Ising coupling ω DD k between the spin I k and spin S is maintained. This is achieved by exploiting the fact that the recoupled dipolar couplings have a cos(γ) dependency (see Eq. (8)). This implies that if the Hamiltonian ω DD jk I jz I kz is allowed to evolve for time and hence the distance between spin I k and S from this as described below.
The transverse x-magnetization of spin I k in the reference experiment dephases as
where λ is the transverse relaxation rate. In the main experiment, the x magnetization of spin I k dephases as
where the integration denotes powder averaging. Now we define
η(T ) is a typical Fresnel curve that depends exclusively on the desired coupling ω DD k in a manner previously seen in the heteronuclear case for REDOR experiments with the signal detected on the most abundant spin (i.e., 13 C) [21, 39] . The internuclear distances between spin I k and S can now be read directly by comparison of experimental data with curves calculated for different dipolar coupling constants. We should note, that in case of perfect dipolar truncation these expressions are exact and intrinsically impose several advantages relatively to previous techniques for measurement of homonuclear dipolar coupling constants in diluted spin systems or by using frequency selective pulse sequences: (i) the dephasing is not dependent on relaxation such as the frequently encountered zeroor double-quantum relaxation, (ii) the method is strictly reflecting dephasing under one anisotropic interaction -the dipole-dipole coupling of interest, and (iii) it does not suffer appreciably from influence from anisotropic shielding tensor magnitudes and orientations.
Experimental
All experiments were performed on a Bruker Avance 400 NMR spectrometer ( 1 H Larmor frequency of 400 MHz) equipped with a triple resonance 2.5 mm probe operating in double-resonance mode.
The data for uniformly 13 C, 15 N-labelled samples of L-alanine and L-threonine (purchased from Cambridge Isotope Laboratories, Andover, MA) were obtained using the full volume of standard 2.5 mm rotors (12 µl) at ambient temperature using 20 kHz sample spinning. The experiments used 4 s relaxation delay, 4 scans, 1.5 ms 1 H to 13 C cross polarization (CP) [40] with rf field strengths of 55
( 1 H) and 35 ( 13 C) kHz, and an rf field strength of 80 kHz for the non-selective 13 C refocusing pulses.
SPINAL-64 [41] decoupling with an rf field strength of 105 kHz was used during acquisition, while continuous-wave decoupling with an rf field strength of 140 kHz was used during the TOFU-RADAR period. Selective inversion of the 13 C' spins were accomplished using a Gaussian pulse of duration 250 µs. The TOFU waveform was implemented with the carrier on-resonance at the 13 C' spin (offset incorporated in phase as in Fig. 3d ) with the rf irradiation digitized in 200 steps for each 4 τ r period. All simulations were performed using the open-source SIMPSON [38, 42, 43, 44] [45] . Unless specified otherwise, all simulations used REPULSION [46] powder averaging with 66-144 α P R , β P R crystallite angles and 5-10 γ P R angles.
Results and Discussion
To illustrate the capability of the TOFU-RADAR experiments for determination of internuclear distances in biomolecules, Figure 5 , shows a series of experimental dipolar dephasing spectra for the 13 C α and 13 C β carbons of a powder of uniformly 13 C, 15 N-labelled L-alanine with the carbonyl acting as the dephasing S spin. The spectra were obtained at a 100 MHz ( 13 C Larmor frequency) using 20 kHz spinning and the rf fields adjusted to the C = 1 4 ω r and B = 3ω r condition. The carrier was placed on-resonance on the 13 C' resonance to provide efficient truncation (c.f., Eq. (8)). From the spectra, it is clearly evident that (i) the main TOFU-RADAR experiment (Fig. 4a ) leads to faster dephasing than the reference experiment ( Fig. 4b ) and (ii) that the 13 C α carbon dephases much faster than the 13 C β carbon due to a larger dipole-dipole constant (i.e., smaller distance) to the dephasing 13 C' spin. We note that the spectra display minor variations in the phase of the signal upon increasing the T period which, however, does not seem influence significantly the extraction of information about the dipolar coupling constant and thereby the internuclear distances upon integrating the overall signal intensities as demonstrated below.
The straightforward extraction of internuclear distances from TOFU-RADAR experiments linear combined according to Eq. (13) is demonstrated in Fig. 6 which compares experimental and simulated η(T ) curves for L-alanine and L-threonine. The η(T ) data for 13 C'-13 C α , 13 C'-13 C β , and 13 C'-13 C γ dephasing were obtained using the same experimental conditions as in Fig. 5 . The experimental η(T ) data can be used for direct extraction of distances by overlaying them on a chart of analytical Fresnel curves corresponding to different internuclear distances in Eq. (13) . The reasonable match between the experimental curves and the analytical curves for nominal 13 C'-13 C α , 13 C'-13 C β , and 13 C'-13 C γ distances of 1.5, 2.5, and 2.9Å clearly demonstrates the effectiveness of this proposed experiment and the simple readout of distances from the Fresnel chart. For L-alanine the 13 C'-13 C α distance has been measured to 1.536Å and 1.537Å using X-ray diffraction [47] and neutron diffraction [48] , while the 13 C'-13 C β distance was measured to 2.525 and 2.532Åusing the methods. Both values aggrees remarkably well (within 0.1Å) with the data obtained using the Fresnel-curve interpretted TOFU-RADAR curves. For L-threonine the 13 C'-13 C α , 13 C'-13 C β , and 13 C'-13 C γ distances has been determined to 1.56 (1.54), 2.47 (2.55), and 2.93 (3.09)Å using rotational resonance based solid-state NMR spectroscopy [35] and X-ray diffraction (number in parenthesis) [49] which also fits very well with the estimations from Fig. 6c . The good aggreement clearly documents the power of dipolar truncation-free recoupling and it demonstrates it may be possible to obtain the most important distance information from recording only the main experiment and the reference experiment at a single appropriately chosen time T . This would enable straightforward integration of this distance measurement method with multiple-dimensional experiments for improved resonance resolution. Studies along these lines are presently in progress.
While this visual approach should be adequate for reasonably precise distance measurements in multiple dimensional experiments, we should note that the experimental data do not match perfectly with the analytical Fresnel curves. The minor deviations may be ascribed to residual effects from anisotropic shielding partly being introduced by non-perfect selective inversion of the Overall, we find the match between the experimental and simulated curves sufficiently good to prove our concept for accurate distance measurements. We estimate the error bars in the distance measurement to be less than ±0.2Åwhen comparing with either simulated curves or with the map of Fresnel curves. This is a very high accuracy when comparing it to the standard tolerances typically accepted in liquid-state NMR structure determination (where distances typically are estimated to be within bands of 1.8 -2.8, 2.8 -3.8, and above 3.8Å) or solid-state NMR relying on proton or rf driven spin diffusion.
Conclusion and Outlook
In conclusion, we have demonstrated for the first time that it is possible to obtain homonuclear dipolar recoupling in solid-state NMR spectroscopy without dipolar truncation and influence from heteronuclear couplings using the triple oscillating field technique. ω(τ )dτ in the Zeeman frame which implements the desired offset −ω(t) for applications with constant carrier frequency. The duration of the element is four rotor periods, and the curves were generated for the case of ω r /π = 20 kHz and B = 3ω r . . Dipolar dephasing curves are measured by incrementing all TOFU building block in steps of 4τ r (2τ r for the experiment with C = 1 2 ω r expressed in terms of the overall time variable T = n16τ r . All rf pulses are of phase x unless denoted otherwise. p is an integer chosen to rotor synchronize the selective inversion element (presently chosen as a Gaussian pulses). The τ r /4 periods in the reference experiment ensures that the pulse sequence is symmetrical with respect to the chemical shift refocusing π pulses and that the pulse sequences are of equal length. The experiments are typically preceded by a 1 H to 13 C cross-polarization pulse sequence element preparing x-phase coherence on all 13 C spins. : Demonstration of the use of the TOFU-RADAR experiments for determination of internuclear distances. Experimental η(T ) data for 13 C α (filled circle), 13 C β (open circle), and 13 C γ (triangle) along with analytical Fresnel curves (thin solid lines) for different internuclear distances and numerically exact SIMPSON simulations (solid curves).
